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Introduction {#sec1}
============

*C. elegans* worms synthesize small RNAs that can regulate gene expression and exert physiological changes across multiple generations \[[@bib1], [@bib2]\]. Environmental challenges can shape the pool of heritable germline endogenous small interfering RNAs (endo-siRNAs), leaving a mark that persists in the progeny \[[@bib3], [@bib4]\]. Similarly, exogeneous administration of double-strand RNA (dsRNA) triggers exogenous siRNA-mediated transgenerational silencing of cognate genes \[[@bib5]\]. Typically, dsRNA-triggered heritable responses persist for 3--5 generations \[[@bib6], [@bib7]\], owing to a dedicated pathway that regulates the duration of each heritable response \[[@bib7], [@bib8]\]. Maintenance of RNAi over generations involves specialized argonaute proteins \[[@bib9], [@bib10], [@bib11]\], amplification of the small RNAs by RNA-dependent RNA polymerases \[[@bib12], [@bib13]\] (RdRPs), and chromatin modifiers \[[@bib8], [@bib14], [@bib15], [@bib16]\]. Many of the factors that participate in transgenerational small RNA inheritance reside in germline-specific ribonucleoprotein complexes termed germ granules \[[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]\].

P granules are RNA-rich, cytoplasmic, perinuclear liquid-like condensates \[[@bib24]\], which are maternally deposited to the oocyte \[[@bib25], [@bib26]\] and following fertilization are asymmetrically segregated to the P lineage designated to become the germline \[[@bib27]\]. P granules are required for maintaining the identity of germ cells throughout development, by preventing ectopic expression of somatic genes \[[@bib28], [@bib29], [@bib30]\]. P granules are localized adjacent to nuclear pores, to survey the expression of mRNA molecules exiting the nucleus \[[@bib22], [@bib31], [@bib32]\]. Various P granule-associated proteins were found to be required for RNAi or for RNAi inheritance, including the P granule core-forming proteins PGL-1 \[[@bib33], [@bib34]\], MEG-3, and MEG-4 \[[@bib20]\], and the VASA homolog GLH-1 \[[@bib35]\]. Several argonaute proteins are also localized to P granules including PRG-1 \[[@bib11]\], WAGO-1 \[[@bib19]\], and CSR-1 \[[@bib17]\].

Recently, P granules were found to be part of a tri-condensate assemblage that also includes the Mutator granule (or M granule) and a newly discovered Z granule \[[@bib20]\]. The Z granules co-localize with P granules, but during the mitotic stage in the adult germline the two granules separate, while remaining adjacent to each other \[[@bib20]\]. Z granules contain the WAGO-4 argonaute \[[@bib20], [@bib21]\] and the ZNFX-1 protein \[[@bib20], [@bib22]\] needed for proper small RNA amplification on targeted mRNAs and for balanced epigenetic inheritance \[[@bib22]\]. Both proteins were shown to be required for RNAi inheritance \[[@bib20], [@bib21], [@bib22]\].

The formation and stabilization of germ granules is a tightly regulated process \[[@bib24]\]. PPTR-1 is a regulatory subunit of the conserved PP2A phosphatase holoenzyme \[[@bib36]\] that stabilizes maternally deposited P granules in the early embryo, regulating the correct segregation of the granules to the germline blastomere across cell divisions \[[@bib37]\]. In *pptr-1* mutants, P granules are evenly distributed throughout the embryo, and are reduced drastically in number and size \[[@bib37], [@bib38]\]. PPTR-1 interacts with MEG-3 and MEG-4, which are intrinsically disordered serine-rich proteins that function redundantly to stabilize the condensed phase of P granules via binding of RNA and PGL-1 \[[@bib39], [@bib40]\]. In comparison to wild-type animals, *meg-3/4* zygotes display an 89% loss of P granules \[[@bib39]\].

In this manuscript, we examined the contribution of P and Z granules to RNAi inheritance. Surprisingly, we observed enhanced RNAi inheritance in *pptr-1* and *meg-3/4* germ granule-defective mutants. Our experiments revealed that *pptr-1* mutants consistently display enhanced RNAi inheritance, while the RNAi inheritance capacity of *meg-3/4* mutants is affected by history, as it is determined by the ancestral, rather than the current, *meg-3/4* genotype. While P granules are known to be maternally contributed, we report that germ granule morphological changes are not inherited transgenerationally and therefore these entities do not carry the heritable memory. Instead, we propose that germ granules generate transgenerational changes via shaping of the heritable pool of small RNAs.

Results {#sec2}
=======

Germ Granule Integrity Is Not Required for RNAi Inheritance {#sec2.1}
-----------------------------------------------------------

To study the role of germ granules in small RNA inheritance, we crossed different germ granule mutants to worms that contain a single-copy *gfp* driven by the *mex-5* promoter in the germline. This *gfp* transgene is commonly used as a target for RNAi inheritance experiments \[[@bib5], [@bib7], [@bib14], [@bib35]\]. Surprisingly, when we tested *pptr-1* and *meg-3/4* mutants, we found that both strains exhibit enhanced RNAi inheritance. *pptr-1* mutants displayed extremely strong heritable responses, persisting for more than 70 generations ([Figures 1](#fig1){ref-type="fig"}A--1C). Stronger RNAi inheritance in *pptr-1* and *meg-3/4* mutants was observed also when we used the endogenous *oma-1* gene as a target ([Figure S1](#mmc1){ref-type="supplementary-material"}). This was tested by crossing the mutants with the redundant and temperature-sensitive dominant lethal *oma-1(zu405)* allele. Heritable silencing of this allele is necessary for survival of the *oma-1* mutant at the restrictive temperature \[[@bib6]\]. After validating previous reports showing that *pptr-1* and *meg-3/4* mutants indeed display highly defective embryonic germ granules ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}; [Videos S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}, and [S3](#mmc4){ref-type="supplementary-material"}), we conclude that germ granule integrity is not necessary for RNAi inheritance in the germline.Figure 1Germ Granule Mutants Exhibit Enhanced RNAi Inheritance and Display Severe Mis-expression of Endogenous Small RNAs in the Germline(A and B) Worms of the indicated genotypes containing a transgene expressing GFP in the germline (*Pmex-5::gfp)* were exposed to dsRNA complementary to *gfp*, to initiate gene silencing via RNAi. The percentage of worms expressing GFP (y axis) was assessed over generations (x axis). Shown are mean ± SD from three independent experiments. Mutant *meg-3/4* worms (B) expressing *Pmex-5::gfp* were generated by crossing *Pmex-5::gfp* hermaphrodites with *meg-3/4* males, and exposed to *anti-gfp* dsRNA two generations after homozygosity. Mutant *pptr-1* worms (A) expressing *Pmex-5::gfp* were generated by crossing *Pmex-5::gfp* males with *pptr-1* hermaphrodites, and exposed to *anti-gfp* dsRNA multiple generations after homozygosity. p values were determined via two-way ANOVA. ^∗∗∗∗^p \< 10^−4^.(C) Representative pictures of the germline in the descendants of mutated worms treated with *gfp* RNAi (up) or empty vector (down). The genotype and generation after RNAi initiation are indicated above the pictures. The number of *gfp*-expressing worms out of all examined worms is indicted in white. Scale bar, 80 μm.(D) Representative pictures of embryos expressing *pgl-1::rfp* (red) and *wago-4::gfp* (green), and their corresponding binarized representations further used for analysis (bottom). The genotypes of the embryos are indicated above the pictures. Scale bar, 5 μm.(E) Expression of small RNAs in the germline of *pptr-1* and *meg-3/4* mutants (y axis) compared to wild-type animals (x axis). Shown are the average expression values (log2 of RPM) of small RNAs targeting all genomic elements (each dot represents one annotation). Red dots, genomic elements with differential expression values of targeting small RNAs (analyzed via DESeq2, adjusted p \< 0.1).(F) X-fold enrichment and depletion values (log2, bar graphs and color-coded) for protein coding genes that displayed upregulated (left) or downregulated (right) expression levels of small RNA targeting them. Shown are results for genes with differential levels in both *pptr-1* and *meg-3/4* mutants compared to wild-type (see also [Figure S3](#mmc1){ref-type="supplementary-material"}). We tested the enrichment for the list of genes differentially targeted by small RNAs against lists of genes known to be targeted by endogenous small RNAs of specific pathways (y axis; see [STAR Methods](#sec4){ref-type="sec"} for details). p values for enrichment were calculated using 10,000 random gene sets identical in size to the tested group (see [STAR Methods](#sec4){ref-type="sec"} for details). Enrichments were considered significant if p \< 0.05. ^∗∗∗∗^p \< 10^−4^, ^∗∗^p \< 0.01, ^∗^p \< 0.05; ns, p \> 0.05.(G) Global analysis of the various small RNA species in dissected germlines of *pptr-1* and *meg-3/4* mutants. Shown are the mean normalized total number of reads (RPM) aligned to the denoted small RNA species. See also [Figures S1--S3](#mmc1){ref-type="supplementary-material"}, [Data S1](#mmc5){ref-type="supplementary-material"}, and [Videos S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc3){ref-type="supplementary-material"}, and [S3](#mmc4){ref-type="supplementary-material"}.

Video S1. Germ Granules in Wild-Type Embryos, Related to Figure 1Wild type embryos expressing *pgl-1::rfp* (P granules) and *wago-4::gfp* (Z granules) were photographed via time-lapse imaging, at the 2-cell stage. Shown are maximal Z projections of the merged bright field, 488nm and 561nm channels.

Video S2. P Granules and Nuclei in Wild-Type Embryos, Related to Figure 1Wild type embryos expressing *pgl-1::rfp* (P granules) and P*mex-5::gfp::h2b* (chromatin) were photographed via time-lapse imaging, from the 2-cell to 4-cell stages. Shown are maximal Z projections of the merged bright field, 488nm and 561nm channels.

Video S3. P Granules and Nuclei in *meg-3/4* Embryos, Related to Figure 1*meg-3/4* mutant embryos expressing *pgl-1::rfp* (P granules) and *Pmex-5::gfp::h2b* (chromatin) were photographed via time-lapse imaging, from the 4-cell to 6-cell stages. Shown are maximal Z projections of the merged bright field, 488nm and 561nm channels.

To strengthen this conclusion, we examined the ability of *pgl-1* mutants that we also crossed to the *gfp* transgene to inherit RNAi. *pgl-1* mutants are also defective in P granule assembly \[[@bib41]\]. Although these worms were reported multiple times to be resistant to germline RNAi \[[@bib33], [@bib34]\], we found that *pgl-1* mutants are competent in RNAi inheritance ([Figure S2](#mmc1){ref-type="supplementary-material"}; see more below). The Z granule argonaute WAGO-4 was also shown to be required for inheritance of dsRNA-derived exogenous siRNAs \[[@bib20], [@bib21]\]. Our results show that WAGO-4 is indeed required for RNAi inheritance, but only for initiation of the heritable RNAi response, in parents that are directly exposed to dsRNA. Specifically, *wago-4(*−*/*−*)* mutant progeny that derive from RNAi-exposed *wago-4(+/*−*)* parents can efficiently inherit RNAi for multiple generations ([Figure S2](#mmc1){ref-type="supplementary-material"}). This last result shows that the consequences of the activity of WAGO-4 are preserved in further generations even in WAGO-4's absence. In contrast, as was reported by others in the past \[[@bib9], [@bib10], [@bib11], [@bib14]\], we found that the nuclear argonaute HRDE-1 is required for maintenance of the heritable RNAi response ([Figure S2](#mmc1){ref-type="supplementary-material"}).

PPTR-1 and MEG-3/4 Are Required for Maintaining Balanced Expression of Different Small RNA Pathways in the Germline {#sec2.2}
-------------------------------------------------------------------------------------------------------------------

To understand how germ granules regulate small RNA levels, we sequenced small RNAs from dissected germlines of germ granule-defective *meg-3/4* and *pptr-1* mutants. We found that a large number of protein-coding genes (1,777 in *meg-3/4* and 1,059 in *pptr-1*) were targeted by differential levels of cognate endo-siRNAs in the mutants compared to wild-type (DESeq2 adjusted p \< 0.1; [Figure 1](#fig1){ref-type="fig"}E; [Data S1](#mmc5){ref-type="supplementary-material"}). To focus our analysis on the specific effects of disruption of germ granules, we analyzed the set of genes that were targeted by differentially expressed small RNAs in both *pptr-1* and *meg-3/4* mutants ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We found a disruption in endo-siRNAs that bind the nuclear argonaute HRDE-1 (fold enrichment of 9.2× for downregulated small RNAs and 6.6× for upregulated small RNAs, p \< 10^−4^; [Figure 1](#fig1){ref-type="fig"}F). Small RNAs that depend on or bind to proteins localized to germ granules were also substantially disturbed, such as endo-siRNAs associated with P granule proteins (the WAGO-1 \[[@bib19]\] and the PRG-1 \[[@bib42]\] argonautes), the M granule protein MUT-16 \[[@bib43]\], and the Z granule argonaute WAGO-4 \[[@bib21]\] ([Figure 1](#fig1){ref-type="fig"}F). Similar results were obtained when examining *pptr-1* and *meg-3/4* separately ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Previous studies have shown that different small RNA pathways compete over limiting biogenesis factors \[[@bib7], [@bib8], [@bib44], [@bib45], [@bib46]\]. To understand why germ granule mutants display enhanced dsRNA-induced RNAi inheritance, we sequenced small RNAs from gonads of wild-type and *pptr-1* mutants, six generations after exposure to anti-*gfp* dsRNA. We found more than 3-fold increase in the levels of exogenous-derived small RNAs targeting the *gfp* transgene in *pptr-1* mutants ([Figure S3](#mmc1){ref-type="supplementary-material"}C), while the global levels of endogenous small RNAs targeting protein-coding genes were decreased ([Figure 1](#fig1){ref-type="fig"}G). Altogether our data suggest that proteins that affect germ granule integrity maintain the balance between different endogenous and exogenous small RNA pathways.

The Function of *meg-3/4* in the Ancestors Determines the Ability of the Progeny to Inherit RNAi in a Transgenerational Manner {#sec2.3}
------------------------------------------------------------------------------------------------------------------------------

We noticed that the ability of *meg-3/4* double mutants to inherit RNAi was gradually lost after multiple generations, in homozygous mutants that derived from heterozygous parents ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Eventually, these mutants lost the ability to respond to RNAi. We observed the same gradual decline in RNAi responsiveness in *pgl-1* mutants ([Figure S2](#mmc1){ref-type="supplementary-material"}A), but not in *pptr-1* mutants ([Figure 1](#fig1){ref-type="fig"}A). We reasoned that in previous studies researchers have found that *meg-3/4* and *pgl-1* mutants are refractory to RNAi \[[@bib20], [@bib33], [@bib34]\] because mutants that have been homozygous for many generations have been examined.

To study this intriguing transgenerational dynamic, we attempted to restore the capacity of *meg-3/4* mutants to perform RNAi in two different ways: we crossed wild-type worms with RNAi-defective *meg-3/4* mutants (homozygous for multiple generations), and since germ granules are maternally deposited, we introduced the mutated alleles via either the maternal or paternal germline ([Figure 2](#fig2){ref-type="fig"}A). We isolated F2 *meg-3/4(*−*/*−*)* homozygous mutants and F2 *meg-3/4(+/+)* wild-type animals and examined the capacity of their progeny to initiate RNAi inheritance responses ([Figure 2](#fig2){ref-type="fig"}B). As will be elaborated below, our results clearly demonstrate that (1) the ability of the progeny to inherit RNAi is determined by the genotype of the ancestors, (2) the maternal and paternal lineages have different contributions, and (3) the potency of the phenotypes transmitted from *meg-3/4* mutants changes over generations. Unlike *meg-3/4* mutants, *pptr-1* mutants consistently showed enhanced inheritance of RNAi in all the experiments we performed, independently of the parent's genotype ([Figure S4](#mmc1){ref-type="supplementary-material"}).Figure 2The Ancestral Germ Granule Function Determines the Ability of the Progeny to Inherit RNAi(A) Schematic diagram depicting the crosses performed to determine the ancestral contribution to RNAi inheritance in the descendants. Long-term *meg-3/4* mutants (hermaphrodites and males) were outcrossed using wild-type worms of the opposite sex. All worms contained a transgene expressing GFP in the germline (*Pmex-5::gfp*).(B) Homozygote descendants of the crosses depicted in (A) were exposed to dsRNA complementary to *gfp*, to initiate gene silencing via RNAi. To test the transgenerational dynamics of the ability to respond to RNAi, naive descendants were exposed to dsRNA at different time points, 2, 8, 16, and 32 generations following homozygosity. The proportion of GFP-expressing worms (y axis, out of 40∼100 worms for each group and time point) was determined over ten generations (x axis) following exposure to RNAi. The colors depict the genotypes and lineages according to the scheme in (A). Shown are mean ± SD from two independent experiments (two independent ancestral crosses). In each row (initiation at different generations following homozygosity), all groups were tested side by side, and therefore the same values for the wild-type control groups are displayed on both left and right panels. Wild-type and *meg-3/4(*−*/*−*)* in the maternal wild-type lineage for the G2 generation (top left panel) are replicates from [Figure 1](#fig1){ref-type="fig"}B, for convenience of visualization purposes only. See also [Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.

We found that when the great grandmother was *meg-3/4* mutant, the mutant progeny did not respond to RNAi at all ([Figure 2](#fig2){ref-type="fig"}B, right). Moreover, even the wild-type progeny that derived from such crosses lost their RNAi inheritance ability and regained their RNAi responsiveness only after multiple generations ([Figure 2](#fig2){ref-type="fig"}B, right). While the RNAi defect was stable in the mutants, we found that repetitive crossing of *meg-3/4* mutant mothers to wild-type males improves the capacity of *meg-3/4* mutants to respond to RNAi ([Figure S5](#mmc1){ref-type="supplementary-material"}). This suggested that the male germline contributes to the heritable phenotype.

When the great grandfather was *meg-3/4* mutant, we found that both mutants and wild-type great grandchildren were always responsive to RNAi, and this phenotype lasted many generations (\>8) in all experiments ([Figure 2](#fig2){ref-type="fig"}B, left; [Figure S2](#mmc1){ref-type="supplementary-material"}B).

In some experiments, however, the descendants of *meg-3/4* fathers remained responsive to RNAi for more generations ([Figure 2](#fig2){ref-type="fig"}B, left panel as described above). We hypothesized that even these descendants gradually lose their RNAi responsiveness, but that the assay is not sensitive enough to detect it. It is known that transgenes can be very sensitive to transgenerational RNAi \[[@bib15], [@bib47], [@bib48]\] and therefore to study these dynamics further we tested RNAi responses against two endogenous germline-expressed target genes (*pos-1* and *mel-26*). These experiments revealed that these *meg-3/4* mutants are indeed RNAi competent for a few generations but gradually lose the ability to respond to RNAi ([Figure 3](#fig3){ref-type="fig"}A). Moreover, this transgenerational deterioration is reflected also in the small RNA pools of these animals: we dissected gonads of *meg-3/4* mutants (that inherited the mutations from the paternal lineage) and sequenced small RNAs at three time points: 2, 15, and \>80 generations after homozygosity. These data show dramatic genome-wide accumulative mis-expression of small RNAs that target protein-coding genes ([Figure 3](#fig3){ref-type="fig"}B). Specifically, we found transgenerational accumulation of mis-expressed small RNAs that are associated with the HRDE-1 ([Figure 3](#fig3){ref-type="fig"}B) and WAGO-4 pathways ([Figure S6](#mmc1){ref-type="supplementary-material"}). We also found that the levels of poly-uridylation of small RNAs that target protein-coding genes increased over generations ([Figures 3](#fig3){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}). Moreover, even HRDE-1-small RNAs, which are typically not poly-uridylated \[[@bib49]\], exhibited accumulative poly-uridylation ([Figure 3](#fig3){ref-type="fig"}C). Previous studies suggested that poly-uridylation is involved in sorting of small RNAs to different argonautes \[[@bib21], [@bib49]\] and also in degradation \[[@bib50]\] of small RNAs.Figure 3*meg-3/4* Mutants Accumulate Defects in Germline RNAi Initiation and Mis-expression of Endo-siRNAs over Generations(A) The transgenerational dynamics of the ability of *meg-3/4* mutants to respond to RNAi targeting endogenous germline genes. Wild-type (gray) and *meg-3/4* (red) worm homozygotes for the indicated amount of generations (x axis) were allowed to lay eggs on plates containing dsRNA-producing bacteria targeting the germline-expressed genes *pos-1* (left) and *mel-26* (right). Shown are the percentages of eggs that did not hatch into larvae (y axis), indicating the penetrance of the RNAi effect. Each dot represents one tested plate (biological replicate) and bars represent the mean. Each group was tested in two independent experiments.(B) Two-way hierarchical clustering of the different examined biological groups and genes targeted by significantly differential levels of small RNAs (compared to wild-type). Small RNA samples were obtained from dissected germlines of *meg-3/*4 mutants that were homozygote for 2, 15, or \>80 generations (x axis). Clustering of small RNAs targeting all protein-coding genes (left panel) and small RNAs targeting genes known to be targeted by small RNAs associated with the HRDE-1 argonaute (right panel \[[@bib9]\]) is presented. Each row represents one gene. Only genes targeted by significantly differential levels of small RNAs in at least one sample were included in the analysis (analyzed with DEseq2, adjusted p \< 0.1). Each line is color-coded according to the fold change in expression. Lines depicting no significant differential expression appear in gray.(C) An analysis of poly-uridylation of small RNAs in *meg-3/4* mutants across generations. The distribution of the average fractions of poly-uridylated small RNAs against individual genes is shown for each of the examined samples. Data for small RNA samples from extracted germlines of wild-type and *meg-3/*4 mutants that were homozygote for 2, 15, or \>80 generations (x axis) are shown. The fraction of poly-uridylated small RNAs was calculated as the number of reads with untemplated 3′Us out of the total aligning reads against a specific gene (only genes with ≥5 RPM in at least one sample were included). ^∗∗∗^p \< 10^−3^, ^∗∗∗^p \< 10^−4^, Wilcoxon rank-sum test.For the \>80 generations group in (B) and (C), data from two replicates were analyzed and a third replicate was left out since it displayed substantially less depth (3 × 10^5^ reads compared to \>10^7^ reads in all other samples). See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

The Integrity of the Progeny's Germ Granules Is Not Affected by the Ancestral Genotype {#sec2.4}
--------------------------------------------------------------------------------------

As described above, we found differences in the RNAi responsiveness of animals derived from paternal and maternal *meg-3/4* mutant lineages. Germ granules are maternally deposited \[[@bib25], [@bib26]\], and therefore we tested if inheritance of the germ granules themselves could explain these differences. We performed similar crosses (see scheme in [Figure 4](#fig4){ref-type="fig"}A) and examined if the morphology, abundance, and distribution of the germ granules changed in the different isolated progeny. In contrast to the RNAi inheritance phenotype of the progeny, which depended on the ancestors' *meg-3/4* genotype, wild-type progeny had normal germ granules and *meg-3/4* progeny had defective germ granules ([Figures 4](#fig4){ref-type="fig"}B--4E). Moreover, we found that the P granule characteristics are similar in both RNAi responsive and non-responsive progeny of the same lineage, and the levels of silencing did not correlate with the P granules' morphology ([Figure S7](#mmc1){ref-type="supplementary-material"}). In summary, we could not detect significant differences in the characteristics of the germ granules of G2-G5 isogenic animals that derived from wild-type or mutant ancestries.Figure 4The Morphology of the Germ Granules in the Progeny Is Not Affected by the Ancestral Genotype(A) Genotypes and maternal lineages of different tested groups are encoded in colors similarly to [Figure 2](#fig2){ref-type="fig"}.(B) Representative pictures of embryos expressing *pgl-1::rfp* at the 4-cell stage with fluorescent P granules and their corresponding binarized representations further used for analysis (bottom); the P2 cell (germline lineage) is emphasized with a thicker line. Scale bar, 5 μm.(C) Representative pictures of embryos expressing *wago-4::gfp* at the 4-cell stage with fluorescent Z granules and their corresponding binarized representations further used for analysis (bottom); the P2 cell (germline lineage) is emphasized with a thicker line. Scale bar, 5 μm.(D and E) Characterization of germ granules in embryos at the 4-cell stage. Each dot represents one analyzed embryo. Data shown for P granules (D) and Z granules (E). Top: percentage of granules in the P2 cell out of total granules. Middle: amount of granules per embryo. Bottom: mean size of granules per embryo. Bars represent mean ± SD. p values were determined via two-way ANOVA with Tukey post hoc correction for multiple comparisons. ^∗∗∗∗^p \< 10^−4^, ^∗∗^p \< 0.01; ns, p \> 0.05. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S7](#mmc1){ref-type="supplementary-material"}.

Endogenous Small RNAs Mediate the Transgenerational Defects of *meg-3/4* Mutants {#sec2.5}
--------------------------------------------------------------------------------

Germ granules are not deposited in the sperm; however, we observed that RNAi inheritance defects can transmit via *meg-3/4(−/Ø)* males to wild-type progeny. The defects that were transmitted via the paternal lineage lasted for multiple generations, but were weaker in comparison to defects transmitted via the maternal lineage ([Figure 2](#fig2){ref-type="fig"}B, left). Unlike germ granules, small RNAs are inherited from both the sperm and the oocyte, and therefore we examined whether small RNAs could mediate the transgenerational inheritance of the RNAi defects. The nuclear germline argonaute HRDE-1 is necessary for the inheritance of many endo-siRNAs and dsRNA-derived small RNAs. Small RNA sequencing data from *pptr-1* and *meg-3/4* mutants indicated that HRDE-1-associated small RNAs were disturbed ([Figures 1](#fig1){ref-type="fig"}F, [3](#fig3){ref-type="fig"}B, and [S3](#mmc1){ref-type="supplementary-material"}B). We reasoned that inheritance of endogenous small RNAs via the HRDE-1 pathway may transmit the defective RNAi phenotype to the descendants of *meg-3/4* hermaphrodites. To test this possibility, we crossed *meg-3/4* mutant hermaphrodites with *hrde-1* mutant males, isolated *meg-3/4;hrde-1* triple mutant progeny, and 3 generations later re-introduced the functional *hrde-1* allele by crossing with wild-type males (see scheme in [Figure 5](#fig5){ref-type="fig"}A). We found that removing and restoring the functional *hrde-1* allele erased the defects inherited from *meg-3/4* mutant hermaphrodites, rescuing the ability of the progeny to inherit RNAi ([Figure 5](#fig5){ref-type="fig"}B). Multiple crosses with wild-type males also affect RNAi resistance, albeit to a lesser extent, independently of HRDE-1 function ([Figure S5](#mmc1){ref-type="supplementary-material"}). In summary, we posit that transgenerational effects that result from defective ancestral germ granules are inherited by HRDE-1-dependent endogenous small RNAs.Figure 5Endogenous Small RNAs Mediate the Transgenerational Defects of Germ Granule Mutants(A) Schematic diagrams depicting the crosses performed to obtain the data appearing in (B). Left: hermaphrodites mutated in the *meg-3/4* genes for \>80 generations were crossed with *hrde-1*(−/−) males. Triple mutant F2 progeny of this cross were isolated and maintained for three generations prior to crossing with wild-type males. Wild-type (light yellow) and *meg-3/*4 (light red) F2 progeny resulting from this cross were isolated and tested for *gfp* RNAi on the second generation of homozygosity.(B) The percentage of GFP-expressing worms (y axis) over generations (x axis) after exposure to *gfp* dsRNA in descendants of worms where *hrde-1* was erased for three generations. The colors depict the genotype and lineages according to scheme in (A). Both groups as well as uncrossed wild-type controls (gray) were tested side-by-side, and therefore the same wild-type data appear in both panels. Shown are mean ± SD from two independent experiments. Data for the groups with no *hrde-1* history (dark yellow and dark red) are replicates from [Figure 2](#fig2){ref-type="fig"}B, for convenience of visualization purposes only. Reset versus non-reset groups in both panels display statistically significant differences in silencing (p \< 10^−4^) based on two-way ANOVA with Bonferroni post hoc correction for multiple analysis.(C) Crosses were performed similarly to the scheme in [Figure 2](#fig2){ref-type="fig"}A.(D) Distributions of normalized small RNA counts (y axis) as function of genomic location (x axis) of small RNAs targeting the genes indicated on the right. Exons are represented as gray and black arrows pointing to the direction of transcription. Small RNA libraries were produced from extracted germlines. The genotype and lineage of the tested animals are color-coded according to the scheme in (C).(E) A principal component analysis (PCA) projection of germline small RNA samples based on normalized small RNA counts against annotated genes. Each point represents one independent replicate. Corresponding genotype and lineage are indicated and color-coded.(F) Two-way hierarchical clustering of the different biological groups and genes targeted by significantly differential levels of small RNAs. The clustering is based on the differentially expressed small RNAs compared to wild-type control samples. Each row represents one gene. Only genes targeted by significantly differential levels of small RNAs in at least one sample were included in the analysis (analyzed with DEseq2, adjusted p \< 0.1). Each line is color-coded by the fold change in expression, where cells depicting no significant differential expression appear in gray. Biological groups are color-coded according to the scheme in (C) and appear above the columns.

Next, we sequenced small RNAs from the germline of wild-type and *meg-3/4* mutants derived from either paternal or maternal lineages (two generations after homozygosity; see scheme in [Figure 5](#fig5){ref-type="fig"}C) and compared their small RNAs to wild-type and to *meg-3/4* mutants that had been homozygous for many generations (\>80G). Principle component analysis (PCA) of the global small RNA expression levels shows that wild-type and \>80G *meg-3/4* mutant worms exhibit profoundly distinct small RNA pools. Strikingly, the small RNA expression patterns of the recently isolated wild-type and *meg-3/4* worms grouped together according to their maternal ancestry (the *meg-3/4* genotype of the great grandmother; [Figures 5](#fig5){ref-type="fig"}D--5F). The progeny's own *meg-3/4* genotype had only minor contribution to the samples' grouping ([Figure 5](#fig5){ref-type="fig"}E). Hierarchical clustering analysis of the differentially expressed small RNAs also showed that the recently isolated wild-type and mutant worms cluster according to their maternal ancestry ([Figure 5](#fig5){ref-type="fig"}F).

These results further suggest that inheritance of mis-expressed endogenous small RNAs, rather than maternal contribution of defective granules, transmits across generations the abnormal RNAi phenotype via the *meg-3/4* mutant maternal lineage.

Disrupting the Germ Granules Allows HRDE-1-Independent Inheritance of RNAi {#sec2.6}
--------------------------------------------------------------------------

The HRDE-1 argonaute was shown in numerous studies to be absolutely essential for dsRNA-induced RNAi inheritance \[[@bib9], [@bib10], [@bib11], [@bib14], [@bib51], [@bib52]\]. As we found strong RNAi inheritance in germ granule mutants despite severe defects in HRDE-1-associated small RNAs, we hypothesized that when the germ granules are defective, RNAi might be inherited via alternative routes. To test this, we performed RNAi inheritance experiments in *hrde-1;pptr-1* double mutants and *hrde-1;meg-3/4* triple mutants. To enhance the sensitivity of the anti-*gfp* RNAi silencing assay, we quantified the exact levels of GFP expression (as was conducted in \[[@bib8], [@bib15], [@bib21], [@bib53]\]). We found that *hrde-1;meg-3/4* triple mutants, and to a lesser extent also *hrde-1;pptr-1* double mutants, can weakly inherit RNAi ([Figure 6](#fig6){ref-type="fig"}). Together, our results suggest the intriguing possibility that germ granules function in sorting of heritable small RNAs, and that changes in small RNA assortment can persist for multiple generations with extensive consequences to gene regulation in the progeny.Figure 6Mutants with Defective Germ Granules Inherit RNAi in the Absence of HRDE-1GFP fluorescence (y axis) of adult worms with the indicated genotype over generations (x axis), following exposure to *gfp* dsRNA. Fluorescence in each group was normalized to the mean fluorescence value of the corresponding isogenic control worms originally exposed to empty vector. Shown are mean ± SD of two independent *pptr-1* experiments (left) and three independent *meg-3/4* experiments (right), in which 25∼90 animals were analyzed for each group and generation. Tested strains derived from crosses of *hrde-*1 hermaphrodites with *pptr-1* or *meg-3/4* males (all with a *Pmex-5::*gfp transgene in the background) and the experiments were performed up to 6 generations since homozygosity. p values were determined via two-way ANOVA with Bonferroni post hoc correction for multiple comparisons to *hrde-1*. ^∗∗∗^p \< 0.001, ^∗^p \< 0.05.

Discussion {#sec3}
==========

Close to a century ago it was observed that the cytoplasm contains droplets \[[@bib54]\]. These droplets were later found to be RNA-rich granules, and characterized in the germline of more than 80 species \[[@bib55]\]. Ingenious studies conducted over the years have elucidated the many crucial roles that germ granules play, and especially the intriguing ways by which these granules shape the transcriptome. Here we show that the influence of germ granule proteins on RNAi and small RNA inheritance changes dynamically over the course of multiple generations, shedding new light on germ cell biology.

Our study revises the current model according to which intact germ granule composition is essential for RNAi and small RNA inheritance. We demonstrate that mutants in which the germ granules are massively disrupted can exhibit potent RNAi inheritance ([Figure 1](#fig1){ref-type="fig"}). We assume that the transgenerationally dynamic nature of RNAi in germ granule mutants has not been noted before, since in the past researchers have assayed mutants that have been homozygous for many generations. We found that the ability of the progeny to inherit RNAi is determined by the genotype of the ancestors, and that the maternal and paternal lineages have different contributions ([Figure 2](#fig2){ref-type="fig"}). We discovered that the heritable effects that accumulate due to disruption of germ granule genes can last for multiple generations ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

Both heritable small RNAs and maternally contributed germ granules could potentially mediate the inheritance of the RNAi defects to the progeny of *meg-3/4* mutants. Several lines of evidence suggest that transgenerational inheritance of small RNAs mediates the heritable defects: (1) the integrity of germ granules in the progeny is unaffected by changes to the ancestors' germ granules ([Figure 4](#fig4){ref-type="fig"}); (2) the P granule's morphology and distribution does not correlate with RNAi capacity ([Figure S7](#mmc1){ref-type="supplementary-material"}); (3) some of the effects can transmit through the paternal lineage, although germ granules are only inherited from the mother ([Figure 2](#fig2){ref-type="fig"}, left); (4) the small RNA pools of the progeny are more closely related to the small RNA pools of the great grandmothers regardless of the progeny's genotype ([Figure 5](#fig5){ref-type="fig"}); and (5) removing and then restoring the HRDE-1 argonaute, important for small RNA inheritance, re-sets the heritable effects of germ granule mutants ([Figure 5](#fig5){ref-type="fig"}). The dynamic interactions between the germ granules and heritable small RNAs determine eventually how gene regulation would be inherited across generations \[[@bib2], [@bib56]\].

More generally, our results show that genetically identical animals can have strikingly different phenotypes because of their ancestry. First, we provide evidence that recently outcrossed animals differ from animals that were outcrossed many generations ago due to epigenetic effects. Second, outcrossing using wild-type males or hermaphrodites generates different long-term phenotypes.

Overall, *pptr-1* and *meg-3/4* mutants had similar effects on RNAi inheritance, small RNA expression, and germ granule morphology. However, the mutants differed in several aspects: while *meg-3/4* mutants eventually become refractory to RNAi inheritance (after many generations), *pptr-1* mutants are consistently responsive to RNAi, and exhibit enhanced RNAi inheritance. In contrast to *meg-3/4* mutants, the RNAi capacity of the *pptr-1* mutants is not affected by the maternal ancestry ([Figure S4](#mmc1){ref-type="supplementary-material"}). In addition, *pptr-1* mutants exhibited greater reduction in the levels of small RNAs that target protein coding genes ([Figure 1](#fig1){ref-type="fig"}G). These differences can stem from the fact that PPTR-1, a subunit of the PP2A phosphatase holoenzyme, affects many other targets (PP2A has ∼460 putative targets in *C. elegans* \[[@bib57]\]). Additionally, we noticed that the Z granules of *pptr-1* and *meg-3/4* mutants differ. Whereas in *meg-3/4* mutants the Z granules fail to segregate toward the P2 cell, these granules segregate normally in *pptr-1* mutants (although the Z granules are smaller in both cases; [Figures 1](#fig1){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [S1](#mmc1){ref-type="supplementary-material"}B).

It is very challenging to account for non-germ-granule-related or indirect functions of the proteins examined in this work. For example, it is possible that these proteins indirectly regulate other genes that function in RNAi inheritance, even genes that encode for proteins that reside outside of granules. Interestingly, we found that genes that affect different epigenetic processes \[[@bib7]\] are targeted by small RNAs in *meg-3/4* mutants (38/285 epigenetic genes, 3.8× fold enrichment, p \< 0.00001). Similarly, we cannot rule out the possibility that in the above-mentioned mutants, the typical germ granule proteins that we assayed, PGL-1 and WAGO-4 (used also as germ granule markers in \[[@bib20], [@bib37], [@bib39]\]), are replaced by other unknown components that have different functions. Nevertheless, our results show that the integrity of the germ granules is not required for RNAi inheritance, and that mutating different genes required for the integrity of the germ granules leads to similar effects on endogenous small RNA expression.

In summary, we suggest a new heritable small RNA-based model to account for the function of germ granules in maintaining the balanced expression of different endogenous small RNA species. The imbalance in endogenous small RNAs in germ granule mutants can result in abnormal exogenous RNAi responses, characterized by unusual intensity, duration, and inheritance of small RNAs via alternative routes (independently of HRDE-1). In *meg-3/4* mutants the imbalance exacerbates across generations and eventually hinders novel exogenous dsRNA-induced RNAi responses (see [Figure 3](#fig3){ref-type="fig"} and model in [Figure 7](#fig7){ref-type="fig"}). Poly-uridylation of small RNAs by the germ granule localized protein CDE-1 was previously suggested to regulate the stability of small RNAs \[[@bib50]\] or their sorting \[[@bib21]\] to different argonautes. Interestingly, we detected an aggravating ectopic poly-uridylation of small RNAs in *meg-3/4* mutants ([Figure 3](#fig3){ref-type="fig"}C) that correlates with their inability to respond to dsRNA. Previous studies have shown that the morphology of the germ granules is affected by environmental changes (for instance, temperature \[[@bib58], [@bib59]\]), and also that temperature shifts trigger changes in heritable small RNAs \[[@bib3], [@bib60]\]. Therefore, germ granules could be important mediators of transgenerationally small RNA-based heritable stress responses.Figure 7A Schematic Model Describing the Roles of Germ Granules in Small RNA InheritanceOur results suggest that germ granules shape the heritable small RNA pool. Mutants in the *meg-3/4* core germ granule proteins accumulate small RNA defects over generations, resulting in abnormal processing of exogenous RNAi responses. The RNAi defects are inherited from *meg-3/4* (−/−) maternal lineages to the progeny via endogenous HRDE-1-dependent small RNAs, and not by contribution of the germ granules themselves. In addition, exogenous RNAi-derived small RNAs can be inherited transgenerationally through alternative routes in *meg-3/4* mutants (independent of HRDE-1). The scale represents the balance between different small RNA populations. The circle in the middle of the scales represents intact germ granules (the P, Z, and M granules) that "keep the scale balanced." The genotype of the animal is shown below each corresponding scale. The presence of a non-interrupted black arrow originating from dsRNA (represented in red) signifies that the animal can respond to exogenous RNAi. Dotted lines that crossed out by an "X" symbol indicate that this animal lost its ability to respond to exogenous RNAi. The arrows between scales represent transitions between generations. Red and blue single-stranded RNA molecules depict exogenous RNAi-derived siRNAs and endogenous siRNAs, respectively.

Finally, prior to Mendel's realization that traits are transmitted as discrete units of information, it was thought that parents' heritable materials mix, as liquids do. According to the now obsolete theory known as "Blending Inheritance," the heritable factors "dilute" in the progeny \[[@bib61]\]. We find that disruption of maternally deposited liquid condensates \[[@bib24]\] leads to heritable changes that dilute eventually. While the modern mechanistic explanation is obviously very different from that used before the re-discovery of Mendel, we propose that the properties of RNA-carrying liquid-like granules lead to deviations from Mendelian inheritance.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Chemicals, Peptides, and Recombinant Proteins**Trizol ReagentLife Technologies15596026Ultra Pure GlycogenThermoFisher10814010Mouth aspirator and Microcapillary tubesSigmaP0674Levamisole hydrochlorideSigmaL0380000Phenol Chloroform IsoamylSigmaP2069Heavy Phase Lock tubeQuantaBio23028330miRNeasy Mini kitQIAGEN217004RNA 5′ PolyphosphataseEpicenterRP8092HNEBNext Multiplex Small RNA Library Prep Set for IlluminaNew England BiolabsE7300TapeStation screen tapesAgilent5067-5582; 5067-5588E-Gel 4% agaroseLife TechnologiesG401004**Deposited Data**Small RNA Seq dataThis studyGEO: [GSE128112](ncbi-geo:GSE128112){#intref0010}**Experimental Models: Organisms/Strains***mex-5::gfp::h2b::tbb-2(mjIs134 II)*Eric Miska labSX1263*pptr-1(tm3103)*CGCJH2787*pptr-1(tm3103); mex-5::gfp::h2b::tbb-2*This studyBFF39*meg-3(tm4259);meg-4(ax2026)*CGCJH3225*meg-3(tm4259);meg-4(ax2026); mex-5::gfp::h2b::tbb-2*This studyBFF40*oma-1(zu405)*CGCTX20*oma-1(zu405); pptr-1(tm3103)*This StudyBFF41*pgl-1(bn101)*CGCSS579*pgl-1(bn101); mex-5::gfp::h2b::tbb-2*This studyBFF42*wago-4(tm1019)*Scott Kennedy LabYY1083*wago-4(tm1019); mex-5::gfp::h2b::tbb-2*This StudyBFF43*pgl-1::3xflag::tagrfp(gg547)*Scott Kennedy LabYY967*wago-4(tor117\[wago-4::gfp::flag II\])*This studyJMC223*pgl-1::3xflag::tagrfp(gg547); wago-4(tor117\[wago-4::gfp::flag II\])*This studyBFF44*meg-3(tm4259);meg-4(ax2026); wago-4(tor117\[wago-4::gfp::flag II\]); pgl-1::3xflag::tagrfp(gg547)*This studyBFF45*pptr-1(tm3103); pgl-1::3xflag::tagrfp(gg547); wago-4(tor117\[wago-4::gfp::flag II\])*This StudyBFF46*pgl-1::3xflag::tagrfp(gg547); mex-5::gfp::h2b::tbb-2*This StudyBFF47*hrde-1(tm1200)*Scott KennedyYY538*hrde-1(tm1200);mex-5::gfp::h2b::tbb-2*This StudyBFF48*hrde-1(tm1200);meg-3(tm4259);meg-4(ax2026); mex-5::gfp::h2b::tbb-2*This studyBFF49*oma-1(zu405);meg-3(tm4259);meg-4(ax2026)*This studyBFF50*hrde-1(tm1200);pptr-1(tm3103); mex-5::gfp::h2b::tbb-2*This studyBFF51*meg-3(tm4259);meg-4(ax2026);pgl-1::3xflag::tagrfp(gg547); mex-5::gfp::h2b::tbb-2*This studyBFF52**Software and Algorithms**FastQC\[[@bib62]\]N/ACutadapt\[[@bib63]\]N/AShortstack\[[@bib64]\]N/AHTSeq count\[[@bib65]\]N/AR Deseq2\[[@bib66]\]N/A

Lead Contact and Materials Availability {#sec4.2}
---------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Oded Rechavi (<odedrechavi@gmail.com>). Worm strains generated in this study are available upon request.

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Cultivation of worms {#sec4.3.1}

All strains were maintained according to standard methods \[[@bib67]\]. Unless noted otherwise, we performed all experiments at 20 degrees. Strains with the oma-1(zu405) temperature-sensitive allele were maintained at 15 degrees, and transferred to 20 degrees (restrictive temperature) for the relevant RNAi experiments. All the strains we used are listed in the [Key Resources Table](#sec4.1){ref-type="sec"}.

Method Details {#sec4.4}
--------------

### RNAi experiments {#sec4.4.1}

HT115 *E. coli* bacteria bearing the dsRNA-expression bacteria and empty-vector control bacteria were grown overnight in LB medium supplemented with 0.25 μg/mL of Carbenicillin. Bacteria were seeded onto RNAi plates: NGM plates supplemented with isopropyl β-D-1- thiogalactopyranoside (IPTG, 1 mM) and Carbenicillin (0.25 μg/mL). A day later, ∼10 adult hermaphrodites were placed on the plates, and were allowed to lay eggs for ∼4 hours. The progeny laid on this occasion was considered the P0 treated generation. For anti-*gfp* RNAi inheritance experiments, adult P0 young worms (40∼120 per group) were collected for imaging, and for production of the next generation via synchronized egg-laying. For all generations (other than the P0 treated generation), synchronization was performed on the same day of imaging (4 days after egg-laying), by allowing 20 adult worms of each tested group (x2 plates) to lay eggs for ∼2 hours on NGM plates seeded with standard OP50 bacteria. For anti-*oma-1* RNAi inheritance experiments, in each generation twelve individual larval (L4) staged worms were placed in individual wells of a 12-well plate. Four days later the number of fertile worms was assessed (at least one progeny) and twelve individual L4 progeny worms were chosen from the most fertile well to continue to the next generation. For anti-*pos-1* and anti-*mel-26* RNAi experiments, larval (L4) staged worms were placed on RNAi plates. From the resulting adult progeny, individual adults were isolated to fresh RNAi plates, one adult per plate. These plates were assayed two days later.

Images of the worms were collected using a BX63 Olympus microscope with x10 magnification, and were used to evaluate GFP expression.

### Granules imaging and analysis {#sec4.4.2}

Embryos were extracted from young (day 1) adult hermaphrodites. Embryos at the 2-cell stage were chosen and immediately mounted on freshly made 3% agarose pads for imaging. All imaging was carried at 20°C on a Nikon Ti-2 eclipse microscope equipped with a 100X CFI Plan-Apo 1.45 NA objective (Nikon, Tokyo, Japan) and CSU-W1 spinning-disk confocal head (Yokogawa Corporation, Tokyo, Japan). Embryo samples were excited using 488 and 561 nm DPSS-Laser (Gataca, France) and images acquired using Prime95B sCMOS camera (Photometrics, Tucson, AZ). Image acquisition was controlled by MetaMorph software (Molecular Devices, Sunnyvale, CA). We photographed 4 cell stage embryos, using ∼30 z stacks per embryo with three channels: Bright field, 488 and 561.

Analysis of granules was carried out using the imageJ2 open source software. First, we split the channels and then merged the z stakes using the "Maximal intensity z projection" function. Next, we binarized the fluorescent signal using automated threshold using the "Maximal entropy" method. In the next step we used the "Analyze particles" function to automatically locate the granule foci. Finally, we measured the number and size of the located granule foci. To calculate the percentage of granules in the P2 cell, we manually defined the P2 and embryo regions of interest. Next, we re-applied the "Analyze particles" function to count number of foci in the P2 cell and the whole embryo regions. Foci \< 0.1 μm^2^ were excluded from the analysis of P granules.

### Small RNA sequencing {#sec4.4.3}

Hermaphrodites were collected on the first day of adulthood, washed 4 times in M9 buffer, and transferred in a microscope slide with egg buffer (1M HEPES, 5M NaCl, 1M MgCl2, 1M CaCl2, 1M KCl and 20% tween-20) containing 2mM levamisole. Worms were cut right under the pharynx with a gauge needle, and the evading gonads separated from the body. Gonads were collected from the slide into an Eppendorf tube on ice prior the addition of 300 μL Trizol (Life Technologies). For RNA extraction from gonads of *meg-3/4* and corresponding wild-type samples the miRNeasy Mini kit (QIAGEN) kit was used. To extract RNA from gonads of *pptr-1* mutants and corresponding wild-type samples the following phenol-choloroform protocol was used: 60 μL of chloroform was added to the samples, which were then transferred to a pre-spun Heavy Phase Lock tube and centrifuged at 16,000 g for 12 min at 4C. We transferred the aqueous phase to a new Heavy Phase Lock tube, and added 1:1 Phenol:Chloroform:Isoamyl Alcohol, before a centrifugation round at 16,000 g for 15 min at RT. The aqueous phase was transferred to an eppendorf tube, to which we added 1:1 pure ethanol and 20 μg Glycogen (Thermo Fisher), and let incubate overnight in −20C. Samples were then centrifuged at 16,000 g for 30 min at 4C, then washed twice by removing the supernatant and adding ice-cold 70% ethanol. After the last wash and removal of ethanol, the samples were air-dried for 6 min, and resuspended in 10 μL RNase-free water. 150 ng of each sample was treated with RNA 5′ polyphosphatase (Epicenter) to ensure small RNA capture independently of 5′ phosphorylation status. Libraries were prepared using NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs) according to the manufacturer's protocol. We measured the samples concentration via Qubit, and tested their quality on an Agilent 2200 TapeStation. Samples were then pooled together and run on a 4% agarose E-Gel (Life Technologies), and the 140-160 nt length bands were excised and purified using MiniElute Gel Extraction Kit.Samples were tested for their quality and concertation on an Agilent 2200 TapeStation and then pooled together. Pools were separated on a 4% agarose E-Gel (Life Technologies) and the 140--160 nt length bands were excised and purified using MiniElute Gel Extraction kit (QIAGEN). Libraries were run on an Illumina NextSeq500 sequencer.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

### Analysis of GFP silencing {#sec4.5.1}

For photographing of the worms ∼60 animals were mounted on a 2% agarose slides and paralyzed in a drop of M9 with 0.05% tetramisole. The worms were photographed with 10x objective using a BX63 Olympus microscope (exposure time of 200 ms and gain of 2). Analysis of the photographed worms was done using Image2 software.

For binary GFP silencing analysis, we manually scored the photographs for the numbers of worms having or lacking any observable germline GFP signal.

For quantification of GFP fluorescence levels, we manually defined in each worm the area of the oocyte and three background regions. Next we calculated a CTCF value as follows: CTCF = Integrated density values of the oocyte X -- (area of measured oocyte ^∗^ mean fluorescence of background regions). We normalized the CTCF value to the average CTCF value obtained from photographs of control animals of the same genotype, generation and age which were fed on control plates.

### Quantification of anti-*oma-1* RNAi experiments {#sec4.5.2}

Each generation we counted the fraction of worms (out of 12) that had progeny.

### Quantification of anti-*pos-1* and anti-*mel-26* experiments {#sec4.5.3}

The number of hatched larva and eggs were counted per assayed RNAi-treated worm, and the percentage of hatched larva was calculated.

### Small-RNA Seq analysis {#sec4.5.4}

Illumina fastq output files were assessed for quality with FastQC \[[@bib62]\]. Cutadapt \[[@bib64]\] was then used for adaptor removal: "*cutadapt -m 15--discard-untrimmed -a \[adaptor sequence\] input.fastq*" Clipped reads were aligned to the ce11 assembly of *C. elegans* genome using Shortstack \[[@bib63]\]: "*--mismatches 0--readfile input.fq genome_reference.fa"*.

Reads were filtered to keep reads of 20 to 23 in length. Next, we counted reads aligning in an anti-sense orientation to genes based on the corresponding Ensembl .gff file, via the HTseq \[[@bib65]\]: *"-m HTSeq.scripts.count--stranded=reverse--mode=intersection-nonempty input.sam GENES.gff."* We then used the HTseq output file as an input for DESeq2 \[[@bib66]\]. We defined differentially expressed genes using cutoff of adjusted p value \< 0.1. Full DESeq2 results comparing *pptr-*1 and *meg-3/*4 mutants to wild-type are available in [Data S1](#mmc5){ref-type="supplementary-material"}.

### Bioinformatic gene enrichment analysis {#sec4.5.5}

The enrichment values denote the ratio between the observed representation of a specific gene set within a defined differentially expressed genes group, to the expected one, i.e., the representation of the examined gene set among all protein-coding genes in *C. elegans*. We performed the analysis on 8 gene sets: (1) 1587 targets of HRDE-1 endo-siRNAs \[[@bib9]\], (2) 4191 targets of CSR-1 \[[@bib17]\], (3) MUT-16-dependent endo-siRNAs \[[@bib43]\], (4) WAGO-4 targets \[[@bib21]\], (5) EGO-1-dependent endo-siRNAs \[[@bib68]\], (6) WAGO-1 targets \[[@bib19]\], (7) ERGO-1-dependent endo-siRNAs, (8) ALG-3/4 targets \[[@bib18]\]. The putative PRG-1 targets were defined as genes for which, in at least one transcript, the ratio of the \# 22G-RNA reads at piRNA target sites between wild-type to prg-1 is at least 2 (linear scale). (10) NRDE-3 targets \[[@bib69]\].

Enrichment of a given gene set *i* in *pptr-1*-dependent endo-siRNAs was calculated according to the formula:$$Enrichment = \frac{Observed}{Expected} = \left( \frac{fraction\, of\, genes\, belong\, to\, the\, i - th\, set\, among\, differentially\,\exp\ ressed\, STGs}{fraction\, of\, genes\, belong\, to\, the\, i - th\, set\, among\, all\, the\, genes} \right)$$

We calculated p values using 10,000 random gene groups identical in size to that of genes targeted by *pptr-1-dependent* endo-siRNAs.

### Bioinformatics analysis of different small RNA species {#sec4.5.6}

Briefly, reads were filtered to sizes of 20-23 in length. Next, we counted reads using HTseq in the sense, and again in the anti-sense orientations based on ce11 Ensembl .gff file. Reads were normalized to the total amounts of aligned reads, and the sum of reads aligning to each small RNA specie was calculated: for small RNAs targeting protein-coding and pseudogenes, reads aligned in the anti-sense orientation were used. For miRNAs and piRNAs, read aligning in the sense orientation were used.

### Poly-U small RNA analysis {#sec4.5.7}

The total small RNA library were submitted to iterating cycles of alignment against the *C. elegans* genome (using Shortstack \[[@bib57]\], perfect match). We first aligned the original reads after the removal of the adaptors. We then applied three consecutive iterations in which we trimmed one T nucleotide from the 3′ prime UTR of reads that fail to align in the previous round, and re-aligned these trimmed reads using Shortstack with the same parameters. Overall, we performed 3 such iterations and thus detected up to 3 occurrences of un-templated poly-uridine additions over individual reads. We next used HTseq \[[@bib58]\] to count the perfectly-matched and poly-uridylated reads that aligned in antisense orientation to the *C. elegans*' protein coding genes, while separating between the original reads and the the uridylated ones. Finally, we calculated the fraction of poly-uridylation as the number of reads with untemplated 3′Ts out of the total aligning reads against a specific gene. For the analysis of the mean fractions of poly-U values we considered only protein coding genes for which we detected at least 5 RPM (reads per million) in at least one of the examined samples.

### Hierarchical clustering analysis {#sec4.5.8}

Hierarchical clustering analysis was performed using MATLAB's clustergram function based on DESeq2 output data.

### Principle component analysis {#sec4.5.9}

Principle component analysis was performed using the plotPCA function of DESeq2 \[[@bib66]\].

### Statistical analysis {#sec4.5.10}

For RNAi experiments and germ granule characterization, statistical tests were performed via GraphPad Prism 6. Details about the tests and corrections for multiple comparisons appear in the corresponding figure legends.

Data and Code Availability {#sec4.6}
--------------------------

The raw sequencing files and processed data generated during this study are available under GEO: [GSE128112](ncbi-geo:GSE128112){#intref0020}.
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Document S1. Figures S1--S7Data S1. Genes with Differentially Expressed Small RNAs in *pptr-1* and *meg-3/4* Mutants Compared to Wild Type, Related to STAR Methods and Figures 1 and S3DESeq2 fold-change results for the detection of differentially expressed small RNAs targeting specific genes in the germline. For both analyses, the wild-type group was used as 'Reference' (untreated) and the mutant group as 'Comparison' (treated). Data S1A: *pptr-1* versus wild type. Data S1B: *meg-3/4* versus wild type. The *meg-3/4* mutants in Data S1B derived from crosses between mutant males and wild-type hermaphrodites, and gonads were extracted two generations after homozygosity.Document S2. Article plus Supplemental Information
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